Abstract. The application of neutron scattering to biological systems using the new neutron source in Munich is discussed. Structural as well as dynamical studies of biomolecules with a variety of spectrometers, diffractometers and reflectometers are explained.
INTRODUCTION
The high-flux neutron source FRM II in Garching near Munich (Germany) provides new options to investigate biological systems using neutron scattering. Applications range from high resolution structural studies of biomolecular crystals, large-scale assemblies in solution, membrane surfaces and biomolecular dynamics. Neutron scattering, as an advanced technique of material science, complements x-ray and optical spectroscopy to probe the structure and dynamics of biomolecules. Neutrons are uncharged, massive (m n = 1.0087 a.u.), subatomic particles with spin 1/2 and a magnetic moment of -1,9132 magnetons. While x-rays interact primarily with the electron shell of the atoms, neutrons are scattered by the nuclei. The respective cross-sections are thus quite different: The neutron (coherent) cross-section of hydrogen is simular to those of heavier atoms like carbon or nitrogen, while for x-rays the cross-section increases with the number of electrons ( fig. 1 ). Neutron studies of biomolecules thus focus primarily on "light" elements such as hydrogen or deuterium. To determine the position of hydrogen atoms and water molecules in DNA and protein crystals is of one of the main goals in neutron structural analysis [1] . Since 1 H and 2 H scatter quite differently, hydrogen-deuteron exchange is often used to improve the contrast.
Neutrons behave like particles or material waves, depending on the specific experiment: Neutron scattered from a crystal display Bragg reflections like electromagnetic waves of similar wavelengths:
Here λ n is the neutron wavelength, d hkl is the spacing between the crystal planes and 2θ Bragg is the scattering angle of the Bragg reflection. However the inelastic scattering of neutrons from molecules can be treated like collisions between macroscopic hard particles based on The relation between thermal velocity and wavelength λ n is expressed by the deBroglie formula [2] :
h is Planck's constant, and k B is the Boltzmann constant. As an example the average kinetic energy of neutrons at 300 K is given by E = 3/2 k B T = 25 meV, the respective wavelength is 1.8 Å, and the average velocity amounts to 800 m/s.
For biological systems a range of wavelengths, between 1 and 16 Å, are useful. To optimize the neutron flux for particular applications, the FRM II provides three thermal sources for "hot", "thermal" (ambient temperature) and "cold" neutrons ( fig. 2 ). While hot and thermal neutrons with wavelengths below 1 Å, are used for high spatial resolution, cold neutrons are optimal for high resolution spectroscopic investigations. The "cold source" consists of a container filled with liquid deuterium (D 2 ), which is maintained at 20 K. Almost 50 % of the experiments at FRM II are performed using cold neutrons. The property to yield momentum and energy exchange at high resolution simultaneously is the main advantage of neutron scattering as compared to xray scattering methods. The energy exchange is detected either by measuring the change in the neutron velocity in a time of flight configuration or by determining the wavelength before and after the scattering event. This is only possible with limited precision: The inherent energy spread ∆E of the incoming neutrons determine the spectral resolution, which can be estimated from equation (2) . ∆u and ∆λ n denote the variance in velocity and wavelength respectively. Differentiating E = 1 2 m n u 2 yields:
The energy spread thus decreases with the third power of the neutron wavelength. This explains the frequent use of "cold" neutrons in high resolution experiments.
To meet the needs of particular applications, a variety of diffractometers and spectrometers are available. A detailed overview can be obtained from a recent book on "Neutron Scattering in Biology, Techniques and Applications" [3] .
INSTRUMENTS AVAILABLE AT FRM II
FRM II is optimised for beam tube applications. The concept is based on the use of a compact core containing a single cylindrical fuel element in the center of a moderator tank filled with heavy water. It has a thermal power of 20 MW. The compact construction of the fuel element is the reason why more than 70 % of the neutrons leave the uranium zone and build up to a maximum thermal flux density of 8. 10 14 n/(cm 2 s −1 ), as fig. 2 shows. The experimental stations are then located outside the reactor pool in extensions of the beam tubes in the experimental hall and on neutron guides in the neutron guide hall. Neutron guides, similar to light guides, operate with total internal reflection, serve to transport the neutrons across longer distances, 10 to 50 m. Figure 3 shows the arrangement of instruments around the reactor core. In the inner experimental hall mainly hot and thermal neutrons are supplied for structural studies, while in the external neutron guide hall mainly cold neutrons are delivered. The circular structure in fig. 3 locates the old FRM I, now serving as an extension for the detectors of a low angle diffractometer.
Elastic Neutron Scattering: Diffractometers and Reflectometers
Measuring elastically scattered neutrons under small and large scattering angles reveals the position of atoms and molecules. The single crystal diffractometer "Heidi" in the experimental hall is operated with hot neutrons to provide large momentum transfer and high resolution for structural analysis. "Resi" another single crystal diffractometer employs thermal neutrons and is optimized for low background and is equipped with a large area image plate detector. "Refsans" and "Mira" are two reflectometers, which are operated with cold neutrons in the neutron guide hall. Here studies of surfaces structures are possible. "Refsans" includes a time-of-flight-option, which allows to measure the reflected signal simultaneously at various wavelengths. A sensitive SANS-detector is available. As an example a study of bilayer membranes interacting with the peptide melittin may be consulted [5] . The analysis of protein shapes, interactions, large scale assemblies such as ribosomes can be performed with small angle neutron scattering (SANS). Sometimes isotopic exchange serves to enhance the structural contrast. The structure of calmodulin and a functional myosinlight-chain kinase in the activated complex was solved by small angle neutron scattering in combination with other methods [4] .
Inelastic Neutron Scattering
The thermal motions of biomolecules can be detected with energy-resolving instruments. Measuring the energy gain or loss of scattered neutrons versus scattering angle reveals the time and spatial scale of macromolecular motions. A set of six instruments each of which with a particular compromise between intensity at the detector and time resolution are available. Smallest energy transfers and thus longest time scales (30-50 ns) are achieved with the spin-echo spectrometer "Reseda". With such machines protein diffusion in highly interacting environments like biological cells have been studied [6] . The back-scattering instrument "Spheres" provides more intensity at the detector than the spin-echo technique compromising only slightly with a reduced time-resolution: Structural relaxation processes covering a time window of 20 to 500 ps are observed. The time-of-flight spectrometer "TOF-TOF", operated also with cold neutrons, combines high intensity and a wide dynamical range. The "double" TOF method implies that incoming as well as scattered neutrons are selected according to their velocity using the time-of-flight principle across a known distance d, thus, u = t f light /d. Low frequency vibrations (methyl group librations) can be studied as well as local . TOF-neutron scattering spectrum of the protein myoglobin in three different environments: fully hydrated, vitrified in a solid glucose matrix and dehydrated, the instrumental resolution function is also shown [7] .
reorientational motions of side chains and diffusion of water molecules near protein surfaces on a time scale up to 20 ps [7] . Fig. 4 shows as an example the globular protein myoglobin, whose biological function is to store and release oxygen in muscle tissue. The goal of the experiment is to demonstrate the effect of the protein environment on protein-internal structural motions. Three extreme environments were selected, fully hydrated with D 2 O, completely dehydrated and vitrified in a perdeuterated glucose glass. The fully hydrated form is biologically active, while the dry and vitrified molecules cannot bind and release oxygen. The structure is conserved however. The broadening of the spectrum with respect to the instrumental resolution of the TOF-machine originates from molecular motions on a 20 ps time scale. Figure 4 shows the spectral intensity of scattered neutrons with a fixed momentum exchange, q = 1.9 Å −1 versus the exchanged energy. The fully hydrated sample displays enhanced spectral broadening in comparison with the dehydrated and the vitrified samples. The extra motions are a characteristic feature of a flexible protein structure, which is required for oxygen exchange. In the dehydrated and vitrified system these motion are frozen out. However, the residual broadening demonstrates that even in the dry and vitrified form certain internal motions are still active. In a more detailed analysis these motions could be assigned to rotational transitions of side-chains, mostly of methyl groups [7] . The water-induced motions are small scale breathing fluctuations in the packing of sidechains. Other applications concern the dynamics of water molecules near protein surfaces [7] . The support from the facility FRM II in Garching, Germany (www.frm2.tu-muenchen.de) is gratefully ackowledged.
